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ABSTRACT 
The behavior of mumetal , silicon-steel, 
and ferrite when subjected to frequency modulated 
(FM) fields was experimentally studied.  The 
object of the study was to determine the suit- 
ability of using FM excitations in theft 
detection systems.  The spectra of the voltages 
induced in a pair of balanced coils as a result 
of the nonlinear interaction of each material 
and the applied field are presented.  The 
center frequency of the modulating field was 1 KHz 
with a modulating frequency of 100 Hz and 
modulation indices ranging from 0 to 2.  The 
study showed that modulation resulted in as 
many odd harmonics of the center frequency as 
with no modulation.  For a given harmonic and 
for the three materials studied the ordering 
of their amplitudes was unaffected by modulation. 
-1 
Modulating the magnetic field produced a spread- 
ing of each harmonic in a manner typical of an FM 
spectrum.  The extent of spread was dependent on 
the modulation index. 
CHAPTER ONE 
1.1  INTRODUCTION 
Picard [1] has demonstrated that a metal subjected to 
a sinousoidally varying magnetic field is capable of pro- 
ducing signals characteristic of the composition of the 
metal.  The signals were in the form of the induced volt- 
age produced in a pair of balanced coils in the vicinity 
of the metal.   Under conditions of saturating magnetic 
fields analysis of the induced voltages showed that in 
addition to the fundamental frequency the induced voltage 
contained several harmonics of the fundamental frequency. 
By saturating magnetic fields we imply that beyond a given 
value further increase in the magnetic field causes no 
induced voltage.   Picard also showed that high permea- 
bility metals, i.e., those which will saturate in a weak 
magnetic field, produced an induced voltage containing 
high order harmonics, such as the ninth and eleventh 
harmonics, while iron which requires a higher field in 
order to saturate produced only a little of the third and 
fifth harmonics. 
Picard further showed that the harmonic content of 
the induced voltage as well as the ratios of some charac- 
teristic components were primarily determined by the 
composition of the metal; the second factor being the 
physical size of the metal and its past history - these 
only affect the magnetitude of each component. 
On the basis of Picard's discovery several inven- 
tions have been made possible for detecting a variety of 
metals [2,3].  The working principle of all these inven- 
tions is based on detecting a characteristic harmonic 
component of the induced voltage.  One such system is the 
invention by J. T. Elder and D. A. Wright, which detects a 
high permeability soft magnetic material concealed in a 
library book [3].  The working material comprises multiple 
magnetic materials, of which the high permeability soft 
magnetic material is the active component.  With this 
working material the active component can be rendered 
either detectable (i.e. sensitized) or indetectable (i.e. 
desensitized).  In a sensitized state the active component 
produces a characteristic signal which is recognizable by 
an electronic detecting system located at the exit from 
the library.  Thus if properly issued-out books are first 
desensitized, only books which have been improperly re- 
moved from the library (i.e. stolen) will activate the 
detector.  By arranging for suitable warning signals, pro- 
duced upon detecting a sensitized book, the theft of a 
book is prevented. 
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The problem with such a system is that it is never 
100% foolproof.  Instances abound in which the detector 
has triggered off false alarms.  Sources of such false 
alarms are metals other than the working material (e.g. 
briefcase metal finishings), spurious electromagnetic 
interferences from nearby radiating sources (e.g. equip- 
ment which periodically go on and off), etc..  The solu- 
tion of this problem rests on finding harmonic character- 
istics that are unique to the working materials.  One 
method of approach to solving the problem is to label each 
material with respect to its frequency response over the 
entire electromagnetic spectrum, or at least over the fre- 
quency band over which electronic equipment function sat- 
isfactorily.  Another approach is to subject the metals to 
a different type of magnetic field variation, i.e., some- 
thing other than the simple sinousoidal variation.  In the 
latter approach the basic sinousoidal variation can be 
either amplitude modulated (AM) or phase modulated or 
frequency modulated.  AM techniques are already in exis- 
tance, since they facilitate processing of the induced 
voltage signals.  On the other hand, the use of FM tech- 
niques are not known to the author.  In addition processing 
an FM induced voltage signal offers better detector 
immunity to spurious interference.  The first method of 
approach is rather involved; one would have to probe the 
5- 
metal with every conceivable frequency over at least a 
range of frequencies extending from d.c. to 100 KHz. 
On the other hand, frequency modulation is in principle 
capable of providing a wide bandwidth probe signal. 
Furthermore, frequency modulation is a nonlinear process, 
and since the metal is deliberately saturated, it too 
becomes a nonlinear system.  In a nonlinear system an 
aggregate of inputs applied simultaneously to the system 
will result in an output which is not a simple summation 
of the individual outputs when each input is singularly 
applied to the system.  It is conceivable therefore that 
subjecting a nonlinear system to a nonlinear input signal 
may produce characteristics of the induced voltage which 
could be unique to the system, in this case the metal. 
With respect to the above this study has investigated 
the possibility of identifying unique characteristics of 
the induced voltage produced when high permeability soft 
magnetic materials are subjected to satuarating frequency 
modulated magnetic fields.  Three types of magnetic 
materials were studied, these are:  high permeability soft 
magnetic material, i.e., nickel-iron alloys, iron and 
ferrite.  The first material forms the focal point of this 
investigation in view of its properties, which were 
discovered by Picard.  The remaining two provide a means 
of comparing data obtained on the first.  Iron serves a 
-6- 
second purpose, in that, it is the most commonly available 
magnetic material capable of strong signals and therefore 
its induced voltage signals would serve to establish the 
"background" characteristics when magnetic materials are 
excited by FM magnetic fields. 
The dimensions of the materials used are as follows: 
high permeability material 0.025 mm by 4 mm by 20 cm; iron 
0.4 mm by 4 mm by 11 cm; ferrite 5 mm diameter by 1.3 cm. 
A center frequency of 1000 Hz was used for the FM magnetic 
field and modulation indices of 0 to 2.0 were employed for 
a modulating frequency of 100 Hz (refer to Appendix I for 
(FM). 
1 .2  PROPERTIES OF MAGNETIC MATERIALS 
A magnetic field represents the force of interaction 
between any pair of fundamental magnetic entities  known 
as magnetic poles.  Magnetic poles exist in pairs compris- 
ing of a positive and a negative pole.  Such a pair is 
called a magnetic dipole.  For all materials there are 
large numbers of dipoles which are randomly orientated 
within the material.  All materials can therefore be 
classified according to how their dipoles interact with an 
externally applied magnetic field.  In a uniform applied 
field a free magnetic dipole tends to allign its axis 
parallel to and along the direction of the field such that 
-7- 
its potential energy is minimal.  The dipoles in a' 
material, however, are prevented from behaving as free 
dipoles by restraining forces which originate from a 
variety of mechanisms.  The result is that in a magnetic 
material most of the dipoles effectively end up alligned 
somewhat with the field.  Thus the material behaves as 
through its ends (those lying along the direction of the 
applied field) have large numbers of free poles, each end 
having a polarity opposite to the other.  The net result 
is that a stronger magnetic field is created in the 
neighborhood of the material.  In this condition the 
material is described as magnetized and quantified by a 
vector M, the magnetic moment, or magnetization. 
Another vector, B, the magnetic flux density (or 
induction) also describes the magnetized state of the 
material.  B is conceptualized as directly proportional to 
the number of lines of force (or i nducti on) crossing a unit 
area at normal incidence; by convention the lines of force 
originate from positive poles and terminate at negative 
poles.   In this respect the magnetic flux (((>) is defined 
as proportional to the total number of lines of force 
crossing an arbitrarily chosen surface.  The permeability 
(y) of a material is a measure of how easily it can be 
magnetized and is defined as the ratio of the flux density 
to the applied magnetic field (H). 
•8- 
Ferromagnetic materials represent the class of 
magnetic materials that can have large magnetizations even 
in the absence of an external field.  This is a conse- 
quence of internal magnetic fields which give rise to 
spontaneous magnetization of the ferromagnetic material. 
Typical examples of ferromagnetic materials are the trans- 
ition elements of the periodic table.  The magnetic 
behavior of ferromagnetic materials is explainable in 
terms of domains of spontaneous magnetization; i.e., the 
material comprises of domains in which the magnetization 
vector differs from domain to domain.  Adjacent domains 
are separated by a domain wall across which there is a 
gradual change in the direction of the magnetization 
vector.  A domain wall usually extends over a significant 
number of atomic sites of the material but is thin com- 
pared to the width of a typical domain. 
The net magnetization of the material, as a whole, 
thus depends on the vector sum of all domain magnetiza- 
tions.  When an external field is applied to the material 
the resultant magnetization is altered.  The change may 
eome about by way of two possible mechanisms; either the 
individual domain magentizations change direction or the 
domain walls move in such manner that domains already 
generally alligned with-the field grow in size at the 
expense of the non-alligned domains.  The stronger the 
-9- 
applied field the larger the overall magnetization of the 
material until all the dipoles are alligned (i.e. satura- 
ted). Ferromagnetic materials often have large values of 
permeability and thus are useful for flux amplification. 
When the signal field is of large amplitude such as would 
saturate the material the material introduces distortion 
and harmonics of the signal frequency are produced. 
Ferromagnetic materials are further characterized by 
a hysteresis phenomenon; i.e., in addition to the magni- 
tude of the applied field knowledge of the magnetic 
history of the material is necessary in determining the 
magnetic flux density.  In mathematical terms the relation 
between flux density and applied field is described by a 
multi-valued function.  The pertinent properties of any 
ferromagnetic material are embodied in what is known as 
the hysteresis loop for the material i.e., the graphical 
relation between B and H (see Figure 1).  Br . is the 
~ Sat 
saturation flux density and corresponds to the value 
obtained when all dipoles are alligned parallel to the 
field and in the same sense as the field.  B,„ is the 
rem 
residual flux density of the material when the field is 
decreased from a satuarting value to zero.  H  is the 3 c 
coercive force and is the value of applied field necessary 
to bring B to zero.  H  is also the field needed to 3 c 
demagnetize the material.  The total area enclosed by the 
-10- 
B-H curve is proportional to the energy dissipated in the 
material per cycle of an oscillating applied field.  The 
B-H curve is nonlinear and confirms the assertion that 
magnetic materials are potentially nonlinear systems. 
Iron and high permeability metallic soft magnetic 
materials are both ferromagnetic materials, however, they 
differ in their respective values of H , Br ., B^ . and c   Sai   r em 
vi.  Commercially available high permeability soft magnetic 
materials are basically binary alloys.  Nickel, cobolt 
and iron are the important consituents, however, cromium, 
copper and molybdenum are often added for improving some 
specific properties of the material.  There are several 
trade names by which these materials are known, but the 
most common are "permalloy" and "mumetic".  In the remain- 
der of this work "mumetal" will be used as a shortened 
form for "high permeability soft magnetic material". 
Unlike mumetal and iron, which are both highly conductive, 
ferrites are insulators that have compatible magnetic 
properties.  The high resistivity of ferrites is due to 
their composition; they are made up of mixed crystals of 
various metallic oxides.  The general chemical formula is 
MOFepOo, where M denotes a divalent metallic ion such as 
u 2+  r 2+  - 2+  ...2+  ,2+  M 2+   . r .2 + Mn  , Fe  , Co  , Ni  , Zn  , Mg  and Cd 
-11 
A^ 
C  ftPPU&D *»»*> 
"&««*■ 
Figure 1 - A B-H loop showing hysteresis 
phenomenon in ferromagnetic materials. 
Such a loop is generated by a slowly 
varying oscillating field.  Note that 
for most values of H several possible 
values of B exist.  The dotted lines 
indicate the initial relation between 
B and H with a material of zero net 
magnetization. 
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A comparison of the properties of representative mag- 
netic materials employed in this study is given in Table 
I.  The classification "soft magnetic material1 is indica- 
tive of the low values of coercive force common to all 
these materials.  The mumetal, supermalloy, has the 
largest value for both the initial permeability and the 
maximum permeability.  It also has the lowest value of H , 
hence the description as "high permeability soft magnetic 
material."  Mumetal also has the minimum hysteresis loss 
at low frequencies.  Compared to iron (i.e. grain 
orientated silicon iron) mumetals have lower saturation 
induction, thus they cannot produce as large a flux 
density.  Ferrites tend to have initial permeabilities 
close to that for iorn, but have less loss at low frequen- 
cies, and because of their large resistivities are, less 
lossy at high frequencies (i.e. ~ 10 Hz).  On the other 
hand ferrites are least capable of producing large flux 
densities and also have the smallest maximum permeability. 
Thus both iron and mumetal tend to be utilized more often 
3 
for low frequency applications, typically up to 10  KHz. 
Even though ferrites do not have large permeabilities they 
are useful at high frequencies if minimum power loss is an 
important requirement. 
In manufacturing mumetals a variety of heat treatment 
procedures are important in enhancing the magnetic 
-13. 
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properties of the material [4].  Thus once the properties 
of the material have been optimized any stresses or 
strains introduced into the material will degrade its 
magnetic properties.  Another source of degradation is the 
self demagnetization effect of the magnetized material. 
In the magentized state the "free poles" at the ends of 
the material produce an opposing field within the material. 
This field tends to reduce the effective value of the 
applied field.  The extent to which the applied field is 
reduced is proportional to the number of free poles and 
therefore to the geometry of the material.  Calculations 
indicate that the larger the ratio of length-to-diameter 
of a piece of material the lower the self demagnetization 
effect (see Appendix II). 
1.3  MAGNETIZATION REVERSAL IN CONDUCTING MATERIALS 
In this study both the iron and the mumetal are in 
the shape of rectangular cross-sectioned tapes.  It can be 
shown [5] that such tapes must be thin in order to 
minimize B-H loop distortion when the material is excited 
by an oscillating field.  The explanation for this lies 
in the nature of the process by which magnetization 
reversal occurs in metallic tapes. 
In principle it is advantageous when all magnetiza- 
tions reverse instantaneously.  A good reason for this may 
15 
be in order to obtain maximum induced voltage.  In prac- 
tice this is not the case for thick tapes because differ- 
ent regions of the material experience differing field 
strengths.  The result is a number of domain walls are 
formed which then sweep through the material and progress- 
ively reverse the magnetization of the material.  The time 
taken for the reversal is therefore finite.and limits the 
high end of the operating frequency range of the material 
when used as a flux density amplifier.  Whether or not the 
entire material is reversed depends in part on the thick- 
ness of the material, the speed of the walls and the 
frequency of the excitation.  The primary cause of the 
finiteness of the switching time for conducting materials 
is eddy currents. 
When a changing magnetic field is applied to a con- 
ducting material eddy currents are produced in the 
materials which tend to oppose the changing fields 
(Lentz's Law).  The eddy currents give rise to magnetic 
fields which oppose the external fields thereby reducing 
the effective field within the material.  Thus the avail- 
able field becomes insufficient for reversing the magnet- 
ization.  Eddy currents therefore damp the motion of the 
walls and reduce the wall speed to a finite value.  Other 
dampening sources are irregularities within the material. 
Figure 2 is a crossection view of a metallic tape.  The 
-16- 
^3 
K  K  X 
* n x 
x Magnetization directed into paper, 
. Magnetization directed out of paper 
Figure 2 - Cross section of a metallic tape 
showing domains starting from the . 
long surface.  E is the induced 
electric field arising from 
changing flux.  The tape is excited 
by a current sheet I. 
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figure shows a possible mode by which magnetization 
reversal might occur.  This is an idealized mode which 
assumes that the material was initially completely mag- 
netized in the state corresponding to -ELa..  It is sat 
further assumed that reversal of magnetization starts from 
the surface and proceeds inward-s into the material such 
that a pair of parallel domain walls move in opposing 
directions along the y-axis.  The time taken for a com- 
plete reversal of magnetization of the material is, 
therefore, known as the switching time, t . 
It can be shown that the B-H loop becomes distorted 
due to the eddy currents produced in the material [5]. 
The resulting shape of the B-H loop depends on the excita- 
tion in use.  This distortion manifests itself, in one 
form, as an increase in the coercivity of the material 
(i.e., a.c. or dynamic coercivity).  The effects of the 
eddy currents can be minimized by using thin tapes, 
typically .025 mm thick.  Below a thickness of .025 mm 
reversal of magnetization occurs mostly by rotation of the 
individual dipoles and leads to shorter switching times. 
Thin film tapes have switching times of the order of 
nanoseconds [5]. 
It is evident that the switching time is dependent on 
the wall speed.  The wall speed is in turn a function of 
18- 
excess field, i.e., the quantity (Ha„ -H ).  Experimental app  c 
results indicate that the larger this quantity the shorter 
the switching time [6].  For example, an increase of three 
orders of magnitude in the excess field produces a de- 
crease of five orders of magnitude in the switching time. 
Results further indicate that the number of domain walls 
formed depends on the excess field [6],  The excess field 
(and hence the excess energy) available determines the 
number of nucleation centers formed.  Nucleation centers 
are the points where domains of reversed magnetization 
start from in an initially completely magnetized material. 
The nucleation centers are assumed to exist mostly at the 
surfaces of the material around impurities and defects [7], 
Thus once sufficient energy is available to form a nuclea- 
tion center further increase in the excess field will 
result in a faster moving domain well and consequently a 
shorter switching time. 
On the basis of the foregoing discussion it is 
evident that the switching time is dependent on the rate 
of change of the applied field when the applied field 
equals the a.c. coercivity of the material, i.e. 
d H. 
*s * 
app 
dt Hc(a.c) 
(1) 
This is so because for H „„ less than H  no nucleation 
app c 
centers can be formed, but above H  centers can be 
-19- 
formed.  Thus the critical value of the field is H , and 
c 
the number of centers formed will depend on the excess 
field a short time At after H„„„ = H .  For a continually 
app   c J 
varying applied field the quantity dH ,/dt at H is pro- 
app       c 
portional to the magnitude of the excess field around H , 
hence its value determines the switching time of the tape 
If the field is sinousoidal a large amplitude will ensure 
that dH ,/dt at H  is sufficiently large to produce 
app       c r 
short switching times. 
Summarizing we note that we desire to isolate some 
unique feature of the induced voltage when mumetal is 
subjected to an FM magnetic field variation.  To be able 
to obtain this uniqueness the material must be magne- 
tically saturable by the field.  Thus fields larger than 
the a.c. coercivity of the material are necessary.  By 
using a large field the condition for fast switching is 
simultaneously satisfied.  In addition the material must 
not be deformed prior to using it for the experiment 
and further its dimensions must be such as to satisfy the 
conditions necessary for minimum self demagnetization as 
well as minimum B-H loop distortion.  Provided that the 
above conditions are all satisfied the instrumentation 
described in the next chapter aids us in realizing our 
objective. 
-20- 
CHAPTER TWO - EXPERIMENTAL APPARATUS 
2.1  THEORY OF EXPERIMENT 
The apparatus used for taking the required data can 
be divided into three functional groups.  The functions 
are:  production of the FM signals; production of the 
exciting magnetic field and the detection of flux changes; 
the conversion of detected signals to a frequency spectra 
and the production of permanent recordings of the fre- 
quency spectrum.  Figure 3 is a block diagram of the 
apparatus. 
The first group was implemented by a signal generator 
connected to a voltage-to-current converter, VIC.  In this 
application of the VIC the amplitude of voltage is main- 
tained constant while its frequency is a function of time. 
Thus to stress this fact the VIC will be referred to as a 
constant amplitude voltage-to-current converter, CAVIC. 
The latter half of this group ensures that «the amplitude 
of the current at its output remains constant regardless 
of the instantaneous frequency of the FM signal at its 
input.  The signal generator comprises two Model 180 
Wavetek generators; one was operated as a voltage con- 
trolled oscillator (VCO) and the other as a modulating 
signal source (MSS).  The CAVIC was designed and built 
specifically for this study.  The design considerations 
-21T 
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and schematic of the CAVIC are presented later in this 
chapter.  The output of the group one circuits is there 
fore a constant amplitude FM current which is the input 
signal for group two. 
The second group consists of an exciting coil (i.e. 
field coil) composed of several hundred turns of magnet 
wire and two identical detection coils.  The detection 
coils have a few turns and are wound in series opposition. 
Together the field coil and the pair of detection coils 
form a transformer arrangement, in this respect the field 
coil is the primary winding and the pair of detection 
coils the secondary winding.  All the coils were wound on 
hollow glass tubes for form as well as mechanical support. 
The detection coils were made from 40 gauge wire and were 
wound on a single glass tube; they were connected in 
series.  The field coil was wound onto a larger glass tube 
so that the primary winding completely enclosed the 
secondary winding (Figure 4).  With this arrangement a 
current flowing in the field coil produces a magnetic 
yield within the volume enclosed by the field coil.  If 
the turns of the field coil are closely wound and the 
ratio of its length to diameter is large  then the magni- 
tude of .the magnetic field within the enclosed volume is 
given by 
(2) H - Ni 
-23- 
where N is the number of turns on the field coil, i is the 
current (amperes) flowing through the field windings, and 
Ji is the length (meters) of the coil.  The units of H are 
amperes per meter, A/m.  Since the number of turns on the 
secondary is negligible'in comparison to that on the 
primary and since the current flowing in the secondary is 
small it can be assumed that the value of H will be con- 
stant throughout the volume enclosed by the field coils, 
i.e., a uniform magnetic field.  In practice fringe 
effects reduce the actual length of the uniform yield 
region.  This will be dealt with in a later section. 
The volume enclosed by the field coil is predomin- 
antly filled by air, thus the flux density associated 
with the magnetic field is given by 
B = y  H  (webers/m ) , 
where yQis   the   permeability   of   free   space   (u     =   4ir   x   10 
(3) 
-7 
henries/meter).     The   resulting   flux   $     enclosed   by   each   * 
a 
turn of the field coil is therefore 
■^ = Ao B  (webers) , 
a      T 
(4) 
where Af is the cross section area of the field coil.  * T a 
will also be referred to as the air flux. 
Assume for now that no other object is present inside 
the volume enclosed by the field coil except the detection 
-24- 
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coils.  Further, assume that all connecting wires to both 
detection coils carry negligible current and make loops of 
negligible area (i.e. non-inductively wound).  Assume also 
that both sets of coils have a common axis.  The air flux 
enclosed by each of the detection coils, each of n turns, 
is thus 
*: = n A . B , (5) 
where A. is the cross section area of the detection coils 
and is assumed to be the same for both coils.  The current 
(i) flowing in the field coil is time dependent, therer 
fore, the air flux will also be time dependent.  From 
Faraday's Law a changing magnetic flux produces an induced 
emf (e) in a coil of n turns given by 
e = -n 
d$ 
dt ' (6) 
The polarity of the induced voltage depends on the sense 
in which the coil is wound with respect to the flux.  Thus 
equal but opposite voltages will develop across the term- 
inals of each detection coil.  The net voltage across the 
series-connected pair will, therefore, be zero.  In effect 
the induced voltage in any coil due to the air flux is 
compensated by the induced voltage in the other coil, and 
therefore, when no test material is present no voltage 
appears across the output of the second functional group. 
27- 
7 
This compensating (or balancing) feature of detection 
coils enables flux changes resulting from a test material 
to be detected. 
Suppose a test material is now placed along the 
common axis of the coils but is enclosed by just one of 
the detection coils.  Assume that the detection coils are 
sufficiently separated so that flux changes due to the 
test material cannot be detected by the other detection 
coil.  Assume also that the size of the test material 
together with the magnitude of its flux changes do not 
alter the uniformity of magnetic field.  If these assump- 
tions hold true then any voltage appearing across the 
terminals of the detection coils will be due to the test 
material and its magnitude is obtained as follows:  Let 
the total flux through the coil containing the test 
material be 
T = n B(Ad~A) + n Bm A , (7) 
where B  is the flux density produced by the test material 
of cross section A.  The above expression is a general one 
and allows for the possibility that the test material may 
not completely fill the detection coil.  In the event that 
it does the first term (in Equation 7) drops out since A. 
then becomes equal to A.  Let the flux through the other 
-28- 
coil be similarly given by 
*2 = n B Ad (8) 
The net flux (* ) is, therefore, the difference of $, and 
*2> 1-e. 
*m = n (B -B) A (9) 
For the test materials used in this study B will always J
     m J 
be larger than B, hence B is negligible and can be dropped 
The induced voltage (e ) appearing across the output of 
the detection coils is thus 
d$. 
m 
dB. 
m dt n A 
m 
dt  ' (10) 
The induced voltage waveform may not necessarily be of 
identical shape as that of the air flux since the material 
is nonlinear, thus the waveform may appear distorted. 
However, contained in this distorted waveform will be 
information about the magnetic properties of the test 
material.  This voltage waveform can now be transformed 
into a frequency specturm for analysis.  This is accom- 
plished by the final group of the apparatus. 
The final group comprises a wave analyzer and a per- 
manent recording facility.  The wave analyzer used for 
this study was a Hewlett Packard Model 3590 A (which also 
incorporates an HP 3594A Sweeping Local Oscillator). 
29- 
The HP 3590A wave analyzer offers automatic detection of 
signal amplitude and frequency information.  Over a fre- 
quency range of 20 Hz to 620 KHz, the analyzer can 
separate frequency components of an input signal to locate 
the fundamental, harmonics, intermodulation products, or 
any signals present.in the spectrum.  Selectable band- 
widths of 10, 100, 1000 and 3100 Hz permit location of 
signals and separation of closely spaced components. 
Operation has been greatly simplified by automatic 
amplitude ranging and electronic sweeping.  X-Y recorder 
outputs permit recordings to be made covering the entire 
frequency range with a lineardB amplitude display of 
greater than 90 dB.  A Mosley 135A X-Y recorder was used 
for permanent recording of the frequency spectrum of the 
induced voltage. 
2.2  PRACTICAL CONSIDERATIONS 
The preceeding paragraphs have dealt with the theory 
involved in the measurement technique employed in this 
study.  In doing so a few practical factors have been 
omitted.  Factors such as the earth's magnetic field, the 
magnetic fields created by sources other than the earth's 
field or the field coil, the frequency and amplitude 
limitations of the various functional groups and the unir. 
formity of the magnetic field have not been mentioned, 
30- 
In the following paragraphs the problem posed by the 
earth's magnetic field and the other sources of magnetic 
field will be discussed; in addition the modifications 
necessary to eliminate their effects on the measurement 
will be outlined.  The remaining problems will be taken up 
in later sections. 
It is a well established fact that the earth is a 
gigantic permanent magnet.  As such magnetic lines of 
force leave and enter the surface of the earth.  The dis- 
tribution of these force lines is such that at any point 
on the earth's surface the earth's magnetic field can be 
resolved into a vertical and a horizontal component.  The 
value of each component is a constant for a given point on 
the surface of the earth.  For example from North to South 
across the United States the horizontal component varies 
from a value of 10.4 A/m to 22.3 A/m (i.e. from Gull 
Island in Lake Superior to Brownsville in Texas) [8].  The 
lower value of the earth's field for the United States is 
large enough to saturate all the materials in Table I.  A 
constant field applied to a magnetic material constitutes 
a bias field.  If in addition an oscillating field is 
superimposed on a bias field the magnitude of the flux 
change becomes dependent on the bias field (i.e. net) as 
well as on the amplitude of the oscillating field (i.e. 
for a given B-H loop).  (Figure 5) illustrates this 
-31- 
* a 
CO 
Figure 5 - Effect of bias field on changes In 
flux density. 
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dependence for four different cases.  The figure shows a 
net positive bias field applied to the material, however, 
the following arguments equally apply to a situation with 
a net negative bias so long as the proper signs are kept. 
As is evident from (Figure 5) the magnitude of the 
flux density change (AB) depends on the value of H., 
with respect to Hr , i.e., the more positive Hk. „ is the *- D i a s 
smaller the change in B although B remains positive in 
sign.  As H. .   is reduced towards H  the magnitude of AB 
increases but in addition there is a change in the sign of 
B during part of the cycle of the oscillating field.  As 
H. . ,. is further reduced (i.e. to zero) the magnitude of bias 
AB begins to decrease and the sign of B becomes negative. 
When H, .   is zero and H   is less than H„ there is very bias osc c -J 
little change in flux density in either direction, but if 
H rt,.,, is larger than H  big changes in B occur at the point osc      3        c 
where H   = ±H .  In the latter situation the magnitude 
osc    c 
of AB remains the same in either direction of Hrt„ .  Thus osc 
the induced voltage in a coil wrapped around the material, 
in the latter case, will contain two spikes within each 
peiod of the oscillating field. The spikes will be 
symmetrical with respect to H = 0 and of opposite signs 
The width and height of either spike will be determined by 
the actual shape of the B-H loop for the material. In all 
other situations, different from the latter, the induced 
33- 
voltage may either be sinousoidal and a little amplified 
(5a) or sinousoidal and greatly amplified (5b) or nonsym- 
metrical with spikes of unequal height (5c when H   >H Y. n
 
J osc  c 
The fact that a bias field determines the relative 
amplitudes and symmetry of the positive and negative ex- 
cursions of the induced voltage is exploited in nulling 
the effect of the earth's field and any other bias fields. 
The method is known as the Peaking Strip method and is 
described below 
2.2-1  THE PEAKING STRIP METHOD 
The apparatus for the peaking strip method comprises 
a long thin rod of ferromagnetic material, a primary and 
secondary winding, a signal generator, a non-inductive 
resistor (R) and an oscilloscope.  (Figure 6) illustrates 
the principle of the peaking strip method.  Several turns 
of the primary (900) are wound on the ferromagnetic rod 
(mumetal).  A secondary winding of fewer turns (30) is 
also wound onto the primary.  A low frequency signal gen- 
erator (60 Hz variac) is connected across the series 
combination of the primary winding and the resistor.  The 
secondary winding is connected to the vertical deflection 
plates of the oscilloscope while the horizontal deflection 
plate signal is taken across R.  The current through the 
34^ 
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Figure 6 - Diagram illustrates principle of 
peaking strip method.  Ports 'A' and 
'B' are respectively connected to the 
vertical and horizontal deflection 
plates of the oscilloscope. 
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primary is adjusted to produce an oscillating magnetic 
field of amplitude greater than the coercive force for the 
ferromagnetic material.  Within each period of the opera- 
ting frequency the flux will reverse twice and spikes 
similar to the ones mentioned above will be observed on the 
the oscilloscope screen.  The common axis of the rod, the 
primary and the secondary is moved about until the spikes 
become symmetrical to each other and are of equal magni- 
tude.  When this condition is achieved then the axis lies 
along a direction perpendicular to the earth's resultant 
magnetic field, and therefore the earth's field becomes 
i neffective. 
Generally this direction may be at an angle to the 
horizontal.  If the axis is maintained horizontal and the 
above process is repeated a similar orientation of the 
axis can be obtained for which both the vertical component 
of the earth's field as well as the horizontal component 
are perpendicular to the axis.  This later orientation is 
preferable on account of the ease in placing objects in a 
horizontal position. 
The peaking strip method will null out any other bias 
fields present in addition to the earth's.  Another source 
of bias field is steady currents.  A steady current flow- 
ing in a wire produces a magnetic field in its vicinity. 
-36- 
The magnitude of the field falls off as the inverse square 
of the distance from the wire but is proportional to the 
magnitude of the current (Biot-Savart's Law).  To avoid 
such fields wires carrying current are either shielded 
(and the shield grounded) or they are non-inductively 
wound.  In the event that the two precautions do not 
eliminate the effects of current carrying wires the peak- 
ing strip method can minimize their effects so long as the 
fields are not time varying. 
The effects of time varying external fields can be 
observed when no current flows in the field coil.  Under 
this condition any induced voltage observed at the output 
of the detection coil can be attributed to external time 
varying fields. 
2.2-2  UNIFORMITY OF MAGNETIC FIELD 
One of the practical factors mentioned earlier is 
that of the uniformity of the magnetic field produced 
within the field coil.   Equation 2  assumes that the coil 
is infinitely long.  The actual length of the coil is 
48.6 cm  Figure 4b.   Thus the value of the field may vary 
within the volume enclosed by the coil.  The method to be 
described measures the magnitude of the field at several 
locations along the axis of the coil, thus indicating the 
■37- 
distribution of H along the coil.  Once this distribution 
was known the detection coils and test material were 
positioned within the uniform region. 
A small search coil (30 turns and of gauge 40) was 
wound onto a glass tube of the same diameter as that for 
the detection coils.  The search coil was connected to 
either an oscilloscope or voltmeter by non-inductively 
wound thin wires.  Replacing the pair of detection coils 
by the search coil the field coil was driven by a constant 
amplitude sinousoidal current.  The induced voltage pro- 
duced in the search coil at regular intervals along the 
axis of the coil (field) was measured.  The region within 
which the induced voltage remained constant was located to 
be the uniform field region of the field coil. 
The above procedure located the uniform field region 
to start 5 cm from one end and terminate 5 cm away from 
the other end of the coil. 
2.2-3  CONSTANT AMPLITUDE VOLTAGE-TO- 
CURRENT CONVERTER 
The schematic for the CAVIC is given in  Figure 7b. 
This circuit is a modification of a voltage-to-current 
converter (VIC) circuit to meet experimental requirements. 
The requirements are that the circuit be able to maintain 
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constant the amplitude of the current through the field 
coil regardless of the instantaneous frequency, that it be 
stable over a bandwidth of 200 KHz  starting from d.c, 
and that it be capable of driving the field coil with 
currents in the range of 1 to 100 mA. 
One scheme for a VIC circuit is shown in (Figure 7a). 
The load (Z.) is the feedback element for the operation 
amplifier (A).  As a consequence of the "virtual ground" 
property of the operational amplifier the load current 
(i.) is given by 
1L - vs/R  . 
Thus the load current is independent of the load, and 
(11) 
hence provided the signal voltage (vs) remains constant 
any changes in load will not affect the load current. 
Equation 11 assumes ideal conditions.    In reality the 
simple VIC circuit requires modifications.  The following 
describes the CAVIC circuit and outlines its design. 
The circuit consists of a modified VIC stage, a 
current amplifier state, and a constant current source. 
The feedback element for the operational amplifier (748) 
is made up of R3 in parallel with the series combination 
of L (field coil) and the base-emitter resistance of Ql. 
Ql , Q2, R4, R5 and R6 together form an emitter follower 
stage which amplifies the signal current (ig) coming into 
-39- 
the base of Ql.  R4, R5 and R6 determined the bias on Q2 
thus making Q2 a constant current source.  The constant 
current source is needed to bias Ql on as well as ensure 
that all the a. c". signal current (ir) at the emitter 
of Ql flows through L.   C3 and C4 are power supply 
decoupling capacitors.  Cl is the input coupling capacitor 
for the 748.  R2 determines the ratio of output voltage 
(v ) which is fed back to the inverting input of the 748. 
Rl enables cancellation of output offset voltage arising 
from op-amp input bias currents.  The CAVIC circuit is 
enclosed in a box.  The walls of the box are conductive 
(copper clad).  All the walls are connected to ground 
potential to provide electrostatic shielding for the 
circuit.  Connection is made to the signal generator (v ) 
and the field coil (L) by coaxial cable. 
The design procedure now follows.  The primary conr 
straints are: 
(i)   L = 3.25 mH (measured at 1000 Hz on a 
General Radio Type 1650 meter), 
(ii)  Maximum signal output of generator 
= 10 volts pp (into a 50fi load), 
(iii)  Maximum output current of 748 = 25 mA 
(i.e. short circuit max current rating), 
(IV)   Maximum output voltage of 748 (dependent 
on supply voltages). 
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Figure   7(a) Voltage to current converter 
schematic for a floating load (Z,) 
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Figure   7(b)   <■   Schematic  for  CAVIC,     V$  and  L 
are  external   to  CAVIC. 
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The third constraint demands a current amplifier in order 
to meet the stipulated requirements for the field coil 
current, hence the inclusion of the emitter follower in 
the CAVIC circuit.  The specification for the 748 
(Fairchild linear device data book) are given in terms of 
±15V supply voltages.  For convenience the same supply 
voltages were decided upon for the CAVIC.  With this 
values of supply voltages, therefore, the maximum output 
voltage of the 748 is 26 V pp.  With C2 chosen as lpF the 
op-amp will be capable of achieving the maximum output to 
at least 200 KHz.  The open loop phase delay of the 748 is 
(-180° at 8 MHz approximately) and at this frequency its 
open loop voltage gain is approximately 33dB (47) and its 
phase delay -95° (approx.).  Thus if the closed loop gain 
is forced to be lower (28dB, say) and to have a break 
point at 200 KHz the closed loop voltage gain would drop to 
to -4dB (o.6) at 8 MHz.  Thus the feedback circuit would 
be stable beyond 200 KHz.  Therefore the values of the 
response shaping elements are: 
R3 = 2TT(200,000) L = 4080 n 
and 
R3ll(oL  +   1   =   25       at u  =   2TT   2   x   105   rad/sec 
i.e. 
R2 
R2  =   85.1   n 
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At high frequencies on RG62/u coaxial cable (93 ft impe- 
dance) is therefore the best choice of cable for connect- 
ing the signal source to the CAVIC.  However, at low 
frequencies the need for this specific cable is not 
crucial.  With a maximum v„ of 10 V „ the maximum load s       pp 
current possible is therefore 117.6 mA_ (i.e. v /R2). r PP g»    / 
With these values for R2 and R3 variations in frequency of 
v would cause v  to be adjusted to accommodate the change 
in impedance of the coil.  Thus the amplitude of the field 
coil current (i*E) is maintained constant.  The maximum 
amplitude of i E realizable with the values of R2 and R3 is 
113.6 mA   (i.e. v   /R2 -(v    v   )/R3).  The values pp
        max       max" max 
chosen for R4, R5 and R6 make Q2 a constant current source 
of 84.7 mA. 
Tests performed on the CAVIC circuit indicated that 
at the maximum output of the signal generator (measured to 
be 6.7 V  ) the circuit maintained the amplitude of ic pp r E 
constant up to 10 KHz at a value of 77.9 mA„„.  Beyond 
10 KHz the output of the 748 cannot provide a voltage 
swing larger than 26 V„„ thus the current in ir was 3
   
3 pp E 
observed to start dropping.  At lower values of v  the 
constant ic   bandwidth was at least 100 KHz (i.e. v -1.5 E s 
v__).  For the purposes of this study this performance was 
satisfactory.  It was, however, necessary to check ir for 
di stortion. 
-44- 
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Distortion ' checks were performed using the difference 
amplifier ctrcuit of  Figure 8.  A precision 1 ohm (1%) 
resistor (Rl) was connected in series with the field coil 
(L).  The input signal for the difference amplifier was 
taken across the 1 ohm resistor.  Thus the difference 
voltage (v-j-v2) is directly proportional to the current 
ir.  The difference amplifier was designed to provide a 
voltage gain of 30.  The 3dB bandwidth was measured to be 
approximately 30 KHz.  The wave shape of i E was, therefore, 
observed by connecting the output of the difference 
amplifier to an oscilloscope. 
The following is a list of the procedures adopted in 
obtaining results for this study. 
2.3  PROCEDURES 
1.  The assembly comprising the field coil and detect 
tion coils were constructed as shown in  Figure 4a,  The 
assembly was supported in a horizontal position by strapp- 
ing it to a wooden platform.  Adhesive paper tape was used 
to hold the assembly rigid.  The wooden platform was 
located approximately 1 m above a wooden work bench.  The 
electronic circuits and instruments were placed on top of 
the work bench.  Separating the assembly from the rest of 
the equipment constitutes a first step in minimizing the 
influence of the instruments.  The following measurements 
were made. 
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(i).   Inductance of field coil = 3.25 mH 
(measured on a General Radio Model 1650 LCR meter at 
1000 Hz). 
(ii).  Inductance of the pair of detection coils 
(including the non-inductively wound leads) = 40yH 
(measured under same conditions as (i)). 
2. CAVIC circuit was constructed as outlined above. 
3. Using the peaking strip method the direction of 
the earth's horizontal component was located.  The direc- 
tion located agreed favorably with the documented infor- 
mation available for Bethlehem,  The United States 
Magnetic Tables and Charts lists the following for the 
nearest station to Bethlehem, (i.e. Easton) [9]. 
Declination =  9° 31' West 
Inclination = 72° 19' 
Horizontal comp. = .1739 cgs (i.e. 13.84 A/m) 
4.  Three test materials were prepared. 
(i).   MUMETAL:  Tapes were cut from 0.025 mm 
thick sheets of Permalloy 80 obtained from Magnetics Inc. 
Table II lists various properties of Permalloy 80.  The 
remaining dimensions of the tape were 4 mm by 20 cm. 
The sheets of mumetal were very carefully 
cut into the above dimensions using a sharp pair of 
scissors. The tapes were then glued (water soluble glue) 
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onto similar shaped hard paper supports.  The paper 
supports were found necessary in order to avoid mechanical 
vibrations of the tapes when excited by the field.  It was 
also necessary to perform the following test to ascertain 
the suitability of the tapes for experiment - recall 
stress related problems.  The test was performed by view- 
ing the dynamic hysteresis loop of the material.  The 
apparatus for the peaking strip method was used for this 
test.  The axis of the apparatus was maintained horizontal 
and parallel to a direction perpendicular to the earth's 
field.  The mumetal tape was then excited by a sinousoidal 
field of amplitude greater than the H„ for the mumetal. 
The frequency of the sinousoid corresponded to that at 
which the dynamic loop was to be obtained.  The induced 
voltage developed across the detection coil was first 
integrated using the circuit of  Figure 10.   The output of 
the integrator is therefore proportional to the flux 
density produced by the mumetal.  To observe the dynamic 
hysteresis loop of the mumetal the output of the integrator 
was applied to the vertical plates of an oscilloscope and 
a voltage proportional to the field was applied to the 
horizontal plates.   Figure 9  is a block diagram illus- 
trating how the dynamic hysteresis loop was obtained.  The 
shape of the oscilloscope trace therefore provided infor- 
mation on the dynamic hysteresis loop of the mumetal. 
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TABLE II 
PROPERTIES OF MAGNETICS INC.  PERMALLOY 80. 
Typical D.C. Magnetic Properties 
2 
Saturation Flux Density 0.75 W/m 
Coercive Force 1.19 A/m 
Residual Induction 0.37 W/m2 
Hysteresis Loss From Saturation 9 ergs|cm |cycle 
Permeability @ B = 4 x 10~3 W/mL 75,000 
Maximum Permeability 300,000 
Minimum Magnetic Permeability 50,000 * 
Typical Chemical Composition 
Nickel 80% 
Molybdenum 4.5% 
Silicon 0.25% 
Manganese 0.35% 
Iron 14.9% 
Physical Properties 
Electrical Resistivity 60yn-cm 
♦Measured at B = 4 x 10"3 W/m2 at 60.Hz For 
Specimens in Ring Lamination. 
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for obtaining dynamic B-H loop. 
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A tape suitable for experiment was expected to follow an 
outline similar to that in  Figure 1  (I.e. the outermost 
path).  Any departures from this general shape such as 
spikes, multiple humps, no B signal etc. indicated that 
the tape was unsuitable for experiment. 
(ii)   IRON:  The samples were obtained from a 
transformed core lamina.  Although transformer cores are 
made of silicon-steel their main constituent is iron, 90% 
typically.  Thus these samples are suitable for the 
purposes intended for iron.  The lamina was 0.4 mm thick 
and 11 cm long.  Tapes 4 mm wide were cut from the lamina 
using a high speed cutting blade. 
The iron specimen has larger tensile 
strength and is also thicker than its mumetal counterpart 
hence it was assumed that little damage was done to the 
magnetic properties of the iron in the process of cutting 
it. 
(iii)  FERRITE:  The inner cross section area 
the glass tube onto which the detection coils were wound 
imposed a limit on the diameter of test materials.  This 
limitation resulted in a choice of ferrite material of 
diameter 5 mm and length 1.3 cm.  This length of ferrite 
was the longest available, i.e., without having to use 
specially ordered samples of ferrite.  The inclusion of 
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ferrite amongst the test materials only serves to estab- 
lish comparison between the results obtained for the 
mumetal and other soft magnetic materials.  In addition 
the object of this study is to identify qualitative diff- 
erences between mumetal and other soft-magnetic materials, 
thus a reduction in flux density for the ferrite (due to 
demagnetization effects) can be tolerated. 
5. The apparatus was interconnected as indicated in 
the block diagram of  Figure 3.  Suitable combinations of 
v„, fn, f and Em were chosen, s  o  m     m 
For each set of values of the experimental parameters 
the wave analyzer produces a frequency spectrum of the 
induced voltage e .  The frequency spectrum was recorded 
on the X-Y recorder.  Appropriate wave analyzer bandwidth, 
sweep rate, and recorder X-axis (i.e. frequency axis) gain 
were selected to either plot a narrow band spectrum or a 
wide band spectrum.  The y-axis gain was adjusted to be 
capable of covering a dynamic range of 100 dB on a 7 inch 
wide graph paper. 
6. Measurements were made to determine the extent to 
which the pair of detection coils cancelled out the air 
flux.  With no test material in the detection coils the 
output of the coils were measured.  Such measurements were 
made for a combination of frequencies and field strengths. 
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Table III lists the measured voltages.  These values rep- 
resent the minimum measured voltages after steps had been 
taken to achieve 100% cancellation, i.e., non-inductively 
wound connecting leads; phase difference compensation by 
wrapping strips of aluminum foil on one detector; reloca- 
tion of coils in the field.  It was observed that of the 
three techniques employed only the first was effective in 
maximizing the cancellation of the air flux.  The remain- 
ing two tended to increase the measured voltage.  The 
measured voltage shows a linear dependence on frequency 
and an identical dependence on generator voltage (i.e. 
field strength).  Thus it was concluded that the source of 
the incomplete compensation is inductive in nature. 
Having completed the above six procedures results 
were taken.  The results obtained form the subject matter 
of the next chapter. 
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TABLE III 
MINIMUM MEASURED INDUCED VOLTAGE DUE TO INCOMPLETE 
CANCELLATION OF AIR FLUX BY DETECTION COILS 
Frequency = 1000 Hz 
(Volts rms) 
v
min* 
(yv rms) 
vs 
(Volts rms) 
v
min* 
(yv rms) 
.502 
.601 
.706 
.806 
.902 
1 .004 
1 .501 
2.10 
2.52 
2.95 
3.25 
3.75 
4.10 
6.25 
2.001 
2.506 
3.000 
3.509 
4.005 
4.503 
4.840 
8.35 
10.2 
12.2 
14.3 
16.5 
18.6 
20.1 
vs = 0.500 V rms vs = 1.004 V rms 
Frequency 
(Hz) 
mi n* 
(yv rms) 
Frequency 
(Hz) 
v
mi n* 
(yv rms) 
605 
799 
902 
2000 
3003 
3997 
6008 
1.25 
1 .65 
1 .86 
4.15 
6.30 
8.56 
13.2 
599 
804 
900 
2007 
3017 
4017 
6025 
2.50 
3,25 
3.60 
8.45 
12.5 
17.0 
26.5 
No measurable harmonics were observed 
-55- 
CHAPTER THREE 
3.1  RESULTS 
The experimental conditions for obtaining results for 
all three materials studied in this thesis fall under a 
single group.  The group is characterized by three fixed 
parameters.  These are the field amplitude (H  = 95.5 
A/m), the center frequency (f = 1000 Hz) and the modula- 
ting frequency (fQ = 100 Hz).  Using the above set of 
parameters modulation indices ranging from 0 to 2.0 were 
employed.  The choice of the fixed parameters was based on 
the following considerations. 
Since the material under investigation had to be 
driven into nonlinear regions of operation (i.e. satura- 
ted) a large amplitude field variation was necessary.  As 
pointed out in Chapter One, the switching time for a 
metallic tape is inversely proportional to the excess 
field, thus requiring once again a large amplitude field. 
Tables I and II indicate that the choice of a value of 
95.5 A/m satisfies both requirements for HQ.  A less 
important consideration (i.e. convenient value for signal 
generator voltage) actually resulted in the value 95.5 A/m, 
for which vs = 1.5 Vrms> 
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The value of 1000 Hz was selected for the center 
frequency on the basis of a number of practical consider- 
ations.  One of these considerations is the symmetry of 
the frequency deviations about 1000 Hz when a purely a.c. 
modulating voltage is applied to the Wavetek Model 180 
VCG input.  For settings of the main frequency dial (of 
the Wavetek) other then unity unsymmetrical frequency 
excursions result unless an appropriate bias voltage is 
applied to the VCG input in addition to the a.c. voltage. 
For the sake of simplicity the use of such special bias 
voltages were avoided.  It is worth noting that multiples 
of 1 Hz are also convenient choices for center frequency 
which will also produce symmetrical frequency excursions. 
However, 1000 Hz was considered the optimum.  This is so 
in the light of the next paragraph and the fact that the 
average permeability of the Permalloy 80 begins to level 
off to its minimum value around 10 KHz.  At 100 Hz the 
average permeability is close to its maximum value and 
changes much less with frequency around 100 Hz than it 
does around 1000 Hz.  A value of 100 Hz was considered too 
low for convenient choices,of 3 and f  to be made. 
In order to avoid FM sideband components falling on 
multiples of the 60 Hz power line frequency it was con- 
sidered necessary to avoid the use of frequencies which are 
integer factors of 60 Hz.  A good choice for modulating 
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frequency was considered to be 100 Hz.  With such a value 
for fm and a center frequency of 1000 Hz convenient reso- 
lution of the recorder plots was obtained without having 
to expand the frequency axis for closely spaced peaks of 
the spectrum.  This ultimately translates into the time 
required for scanning a total bandwidth of 62 KHz of the 
wave analyzer input when a tracking bandwidth of 100 Hz is 
used. 
The experimental results are presented under two main 
groups.  One group (graphs #1 to 6) concentrates on the 
amplitude features of the FM sidebands around each harmon- 
ic component.  Typically results for this group are given 
up to the  fifth harmonic, except in one instance (graph 
#2) when they are given up to the ninth harmonic compo- 
nent.  The other group (graphs #7, 8) concentrates on just 
the harmonic components up to the fifteenth harmonic. 
The results are presented in graphical form and plotted as 
a measured amplitude (rms volts) versus frequency.  Before 
taking up detailed discussions of each group of results a 
few general observations will be outlined. 
1.  The fundamental component of the induced voltage 
always turned out to be the largest component in all 
1nstances. 
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2. The odd harmonic components were the next in size 
and were always smaller than the fundamental component. 
The odd harmonics were observed to generally decrease in 
magnitude with increasing frequency.  The rate at which 
they decrease depended on the material under consideration. 
3. A number of even harmonic components were also 
observed in the induced voltage spectrum.  These were 
always much less in magnitude compared to either the funda- 
mental or the odd harmonics.  The source of these even 
harmonics was determined to be the signal generator 
(Wavetek Model 180).  Spectral analysis of the generator 
output voltage (v ) showed that it contained two signifi- 
cant even harmonics; a second harmonic component usually 
at 61 dB down from the fundamental and a fourth harmonic 
at 70 dB below the fundamental.  This relation between the 
fundamental and the second harmonic was also observed in 
theinducedvoltagespectrum. 
4. The most remarkable feature of the results is the 
absence of irregularities in the spectrum, i.e., it had 
been expected that some unique frequency components might 
be observed that would serve as a means for identifying 
one material from the other.  The result of frequency 
modulating the field was observed to only "spread out" 
each harmonic, i.e., as if each harmonic was modulated by 
the modulating signal.  It would appear, therefore, that 
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whatever useful information is contained in the induced 
voltage spectrum might be in the form of the absolute 
amplitudes or relative amplitudes of the spectral 
components. 
Having outlined the general observations we are now 
in a position to take a closer look at the amplitude 
characteristics of the induced voltage spectrum.  Let us 
first consider the second group of results, i.e., multi- 
ples of the fundamental frequency (#7, 8).  The following 
observations pertain to the results contained in all 
graphs (i.e. #1 to 8). 
1.  The fundamental component, as noted earlier is 
always the largest component.  Under identical conditions 
the fundamental component due to iron was observed to be, 
always, greater than those of the mumetal or the ferrite, 
and that of the ferrite was always the least.  This result 
is easily explainable: the field strength of 
95.5 A/m is not large enough to saturate the iron nor the 
ferrite.  The proof of this statement is provided by the 
fact that the induced voltage waveform (observed on an 
oscilloscope) showed no visible distortion when either 
material was excited by an unmodulated sinousoidal field 
of this magnitude.  Thus for iron all the signal power is 
contained in the fundamental component.  The small value 
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of the fundamental component observed in the case of the 
ferrlte is attributable to the combination of a smaller 
average permeability in conjunction with a large demagnet- 
ization factor (i.e. approximately 0.1). 
2. The odd harmonic components decreased with 
Increasing frequency.  Consider for example the results in 
graphs # 6, 7, 8.   Computations of component ratios show 
that the third harmonic is lower than the fundamental 
by a factor ranging from 37 dB to 45 dB for iron.  The 
corresponding figures for mumetal are 3 dB and 12 dB 
respectively.  In both situations the factor increased 
with increase in B; i.e., an 8 dB change for iron and a 
9 dB change for mumetal for a change of 1.0 in B.  The 
corresponding change for the induced voltage obtained with 
no test material and one detection coil disconnected is 
9 dB (i.e. 45.6 dB to 54.6 dB).  The last figure indicates 
that the change in the ratio of the fundamental component 
to the third harmonic component with increase in B is an 
inherent feature of the field in the coils and not of the 
test material inside the field. 
3. Table IV is a compilation of the change in the 
measured value (A) for each component (referred to the 
unmodulated value) of the induced voltage for several 
values of B  see graphs #6, 7, 8.  Going across the table 
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I.e., B increasing, we observe that the value of A strictly 
increases, with increase in 3, for the fundamental and the 
third harmonic components.  However, the higher order 
harmonics (starting with the fifth) tend to fluctuate as 3 
Increases.  The fact that the value of A, for the funda- 
mental, steadily increases is consistent with theory; i.e. 
J (3) decreases with increasing 3.  On the other hand no 0 
consistent explanation seems eminent for the behavior of 
the remaining harmonics. 
4.  A few minor observations are worth noting: going 
down the table observe that the maximum value of A for 
mumetal shifts from 7000 Hz at 3 = 0 to 3000 Hz at 3 = 0.6 
and 1.0.  In the case of iron the maximum value of A re- 
mains at 1000 Hz except for 3=0 when it is at 5000 Hz. 
For the induced voltage when no material is present (i.e. 
Air) the maximum value of A remains at 1000 Hz for all 
values of 3.  Using this latter location of A   as repre- 
sentative of the field characteristics it appears that the 
location of A_  shifts to lower order harmonics with 
max 
increase in 3 when a material is inside the field.  We now 
turn to a discussion of the results for the first group, 
i.e.-, the features of the FM sidebands. 
The basic structure of the spectrum of the induced 
voltage is similar to that of an FM spectrum.  The FM 
sidebands around the fundamental have amplitude variations 
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which are consistent with theory, i.e., the ratio of the 
average value of each pair of complimenting sidebands to 
the fundamental component agreed to within 10% of the 
theoretical prediction (i.e. Jn(B)/J0(B)).  On the other 
hand the sidebands centered about the rest of the harmon- 
ics do not show agreement with the ratio J (3 )/J (3).  It 
no 
was necessary to use the average value rather than the 
individual values of the sidebands in order to cancel out 
the 20 dB per decade gain of the detection coils.  Table V 
is a compilation of these ratios obtained under similar 
conditions.  The fourth material listed as "Air" repre- 
sents the situation in which no test material is present 
in the field and in addition one detection coil is disc- 
onnected.  The last column of Table V lists the theoret- 
ical ratios of J (B)/J (8).  The corresponding values for 
harmonics other than the fundamental are undefined. 
Observe that the measured ratios agree favorably with the 
theoretical values for all sidebands centered on the 
fundamental.  This is testimony to the fact that the field 
was indeed an FM field. 
The sidebands centered around the third harmonic show 
close agreement to "Air" for all materials except ferrite. 
Close agreement with "Air" holds for all materials when 8 
is low, however, at 8 = 1.0 ferrite shows substantial 
departure from  "Air". 
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The sidebands of the fifth harmonic exhibit a similar 
feature as those of the third.  However, the disagreement 
with "Air" is more pronounced at M 1 for all materials. 
At B = 0.2 and 0.4 both mumetal and iron show a closer 
agreement with "Air". 
The results are insufficient for comparisons to be 
made between all three materials for the sidebands 
centered around higher harmonics, i.e., from the seventh 
onwards.  However, on the basis of the above discussion 
the results tend to indicate that around the fundamental 
the amplitude of the FM sidebands are consistent with 
theory, while for higher harmonics the amplitude distribu- 
tion tends to follow the field characteristics for small 
modulation indices but fails to do so far large indices. 
Furthermore the results tend to indicate that placing a 
test material inside the field does not result in pro- 
nounced unique features of the spectrum of the induced 
voltage. 
3.2  CONCLUSION 
The object of this thesis has been to study the 
spectra of the induced voltage produced in a detection 
coil when it contains a mumetal which is excited by a 
saturating FM magnetic field.  The study was intended to 
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TABLE IV 
DIFFERENCE OF HARMONIC COMPONENT AMPLITUDE WITH MODULATION 
A = [A(B-O) -ACS)! I  (mV rms' 
M 
1 ,000 
0.2 0.4 0.6 1.0 
U 
.100 .400 1 .55 2.40 
M 3,000 .740 2.53 5.10* 5.30* 
E 
5,000 1 .25 3.88* 3.58 4.02 
7,000 1 .38 2.43 2.02 2.16 
T 9,000 1 .37 1.17 1 .93 1 .75 
A 11 ,000 1.05 .750 • 830 .940 
L 
13,000 .540 ,580 .520 .500 
15,000 .220 .260 .280 .200 
1 ,000 0 .500* 1 .20* 3.7* 
3,000 .005 .059 .138 .154 
I 5,000 .017* .050 .045 .052 
R 7,000 .010 .017 .014 .015 
0 
9,000 .0024 .0023 .003 .003 
11 ,000 .0038 .002 .003 .0034 
N 13,000 .008 .0085 .007 .008 
15,000 .007 .008 0 0 
A  (tiV) 
1 ,000 5.00* 25.0* 60.0* 155* 
A 3,000 .300 1 .00 2.20 2.48 
I 5,000 1 .05 3.15 2.75 3.25 
R 
7,000 1.17 2.07 1 .65 1 .82 
9,000 .130 .130 .130 .130 
** 
11,000 .700 .550 .55 .700 
* = Maximum value of A 
** = Single coil, no material 
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TABLE V 
RATIO OF FM SIDEBANDS  A (e)/A (a) 
n Mumetal I ron Ferri te Air 
Jn(B) 
J0(6) 
F 
N 
D 
A 
M 
E 
N 
T 
A 
L 
B = 0.2 
6 = 0.4 
6 = 1 .0 
6 = 2.0 
1 
2 
1 
2 
1 
2 
1 
2 
3 
4 
.104 
.005 
.212 
.020 
.579 
.170 
2.75 
1 .65 
.590 
.156 
.101 
.005 
.205 
.020 
.587 
.151 
.102 
.005 
.208 
.020 
.584 
.149 
.097 
.005 
.200 
.026 
.566 
.145 
.101 
.005 
.204 
.021 
.575 
.150 
2.58 
1 .58 
.576 
.152 
T 
H 
I 
R 
D 
6 = 0.2 
6 = 0. 4 
6=1 .0 
6=2.0 
1 
2 
1 
2 
1 
2 
1 
2 
3 
4 
.330 
.050 
.748 
.244 
1.27 
1 .82 
1 .76 
1 .62 
1 .62 
2.32 
.319 
.048 
.722 
.233 
1 .28 
1 .80 
.317 
1 .00 
2.50 
1 .25 
2.50 
.320 
.719 
.232 
1 .35 
1 .99 
- 
F 
I 
T 
H 
6=0.2 
6=0.4 
6=1 .0 
6 = 2.0 
1 
2 
1 
2 
1 
2 
1 
2 
3 
4 
.592 
.160 
2.92 
1 .85 
1 .94 
.239 
.111 
1 .02 
.279 
.829 
.594 
.156 
2.94 
1 .88 
2.00 
2.86 
.667 
.167 
3.58 
2.86 
1 .43 
2.86 
.609 
.161 
2.97 
1 .86 
2.74 
.324 
^ 
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look for some unique features in the FM spectrum of the 
Induced voltage which might serve as a distinguishing 
feature for the mumetal.  The results obtained in this 
study indicate that mumetal is still superior to iron and 
ferrite with respect to producing strong odd harmonics of 
the excitation center frequency!  On the other hand, the 
results fail to reveal any other strong features unique to 
the mumetal.  The effect of using a frequency modulated 
field has only been to spread out each harmonic component 
of the induced voltage.  The extent of spread is deter- 
mined by the modulation index and the boost in magnitude 
is determined by the material inside the field.  In 
essence, therefore, the results obtained in this thesis 
are basically similar to those of Pi card. 
The solution of the problem of foolproofing the 
library detector system still depends on finding a unique 
characteristic of mumetal.  Although the induced voltage 
showed no unique features in the frequency domain, it is 
possible that in the time domain such a feature might be 
discerned.  Observe that the sidebands of the odd harmonic 
components do not have the same amplitude variation as 
their corresponding ones centered about the fundamental. 
Thus in essence the effective 3 for the odd harmonics 
differs from that for the fundamental.  Now suppose a 
bandpass filter is employed to selectively pass only a 
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chosen old harmonic together with its sidebands.  Let the 
output of the filter be demodulated to recover the modula- 
ting signal.  Assuming that each odd harmonic in conjunc- 
tion with its sidebands can still be described by the 
general time function for an FM signal (i.e. e(t) = eQ 
cos (wvt + 3" sin uit)) , then the amplitude of the demod- K. Ml 
ulated signal will be proportional to the effective 
modulation index 3".  Granting that a suitable filter can 
be designed with suitable phase response (i.e. minimum 
degradation to signal) preprocessing of the induced 
voltage by this technique would offer immunity to noise 
typical of FM systems. 
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APPENDIX I - FREQUENCY MODULATION 
Modulation is a technique by which an instantaneous 
value of some given process is made to vary in sympathy 
with a given signal.  This signal is called the modulating 
signal , m(t). 
In frequency modulation the process is the periodic 
oscillation of some given quantity, for example the mag- 
netic field, which is characterized by a known frequency 
and is usually referred to as the carrier frequency.  Fre- 
quency modulation, therefore, occurs when the carrier fre- 
quency is made to vary about its unmodulated value f  in 
such a way that the instantaneous deviation is directly 
proportional to the instantaneous amplitude of the modu- 
lating signal.  The amplitude of the carrier frequency, 
E , does not enter into the above definition, however, it 
is usually kept constant. 
Mathematically the instantaneous frequency of the 
carrier is given by 
f(t) = fQ + K m(t)  , (A.l) 
where K is an arbitrary constant such that the instan- 
taneous frequency deviation may be arbitrarily chosen. 
101 
The angular velocity, u, of any phasor quantity is 
related to its. phase by the equation 
e(t) = ll  a)dt (A.2) 
Suppose the carrier variation can be described by 
e(t) = E  cos e  . (A.3) 
then 
e(t)   =   EQ   cos   [2irfot  +   2TT  /     K m(t)   dt]    . (A.4) 
The simplest modulating function is a sinousoid; assume 
therefore that 
m(t) Em cos uvt m     m (A.5) 
thus 
e(t)   =   E„   cos   [2Trfnt  +   2-rr   f     K  Em  cos   wt   dt] vo "■        o Jom mJ 
 
or 
KE. 
m 
e(t) = EQ cos [(o0t + j— sin umt] (A.6) 
The quantity KE  is the peak frequency deviation and is 
denoted by Af, thus the maximum frequency excursions of 
the carrier is from (f  - Af) to f + Af).  The quantity 
KE /fm is denoted by @ and is called the modulation index. 
-102- 
BANDWIDTH OF FM SIGNAL 
Equation A.6 may be decomposed into an infinite sum of 
cosine terms of different frequencies given by 
*(*) = Eo { Jo(e) cos "o* 
+ J^e)   [cos   U0+wm)t   -   cos   (w0-o)m)t] 
+ J2(B) [cos (a)o+2com)t -  COS (a)0r.2um)t] 
' T* *• ** ^ T» ' '. r*r,-,T< — T*r*~*-r*"T,T,r-. T^rrr^-^r^r 
(A.7) 
+
 J„(3) [cos (oo +nu>)t r. cos (u„-num)t] nx '  -    o  m        vo  m 
where the coefficients Jn(3) are Bessel functions.  The 
argument of the Bessel functions is numerically equal to 
the modulation index.  Equation A.7 indicates the presence 
of an infinite number of pairs of sidebands harmonically 
related to the modulating frequency f  which implies that 
the bandwidth is infinite.  Table 1-1 indicates that for 
3<<1 J (g)->land J-j(e),Jo(3) etc.+O, hence the sidebands 
are negligible and only the unmodulated carrier frequency 
is significant.  On the other hand, for e>>! the sidebands 
are comparable to the carrier frequency and the frequency 
modulated signal appears to have been spread out somewhat 
-103r 
evenly over an infinite bandwidth.  In practice the band- 
width is made finite by neglecting spectral components 
outside a finite bandwidth, such that these components are 
smaller than some prescribed percentage of the center 
frequency. 
Although frequency modulated signals are considered 
to be large bandwidth signals they offer attractive 
properties in communication systems.  Compared to the more 
frequently used amplitude modulated signals frequency 
modulated signals provide better discrimination against 
random noise and interfering signals. 
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APPENDIX II - DEMAGNETIZATION FACTOR 
Any magnetized body, whether it be a piece of perm- 
anent magnet material or a piece of soft magnetic material 
in a magnetic field, will have free poles which will pro- 
duce a field internally in the specimen that will oppose 
the applied field.  This demagnetizing field is propor- 
tional to the intensity of magnetization, so that the 
demagentizing field is NI, where N is a constant depending 
on the geometrical form of the magnetized body. 
The effective field magnetizing the body is related 
to the applied field by the relationship 
Hoff = H  n - NI eff   app 
Table II-l is a list of demagnetizing factors N/4TT for 
rods and ellipsoids magnetized parallel to their long 
axis. 
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TABLE A-11 
DEMAGNETIZING FACTORS N/4TT , FOR RODS AND 
ELLIPSOIDS MAGNETIZED PARALLEL TO LONG AXIS 
Dimensional 
Ratio 
Length/Di ameter Rod 
Prolate 
E1 i p s o i d 
Oblate 
E1 i p s o i d 
0 
1 
2 
5 
10 
20 
50 
100 
200 
500 
1000 
2000 
1.0 
.27 
•14 
.040 
.0172 
.00617 
.00129 
.00036 
.000090 
.000014 
.0000036 
.0000009 
1 .0 
.3333 
.1737 
.0558 
.0203 
.00675 
.00144 
.000430 
.000125 
.0000236 
.0000066 
.0000019 
1 .0 
.3333 
.2364 
.1248 
.0696 
.0369 
.01472 
.00776 
.00390 
.001567 
.000784 
.000392 
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